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RBTROREFLEC TTVE DEVICES \ 



m 

and m& 
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This iaventioiii celates to xelroreflective devices; tte term "^xetioreflective 
device a$ used henin being ifitended to encompass geneially optical 
5 coaq>oiieiits used for retumiag x^diadon automaticaUy from a remote location 
towsrd 80 optical souice. 

Retxx»reflective devices are desig:^ to reflect xadiatioti back towaxds its 
source* and socb devkes arc thus frequently lued to letum radiation toivard 
ladiating optical aouxces it is inoonvenieait or undewable to actively 

10 generate xadi^on at locationst r^ote from the optical sources, which need to 
send fesponse radiaticm to fixed ox mobile base locations at wfai^h the cadkitiiig 
iqitieal sources are sited. Con^mon examples include the use of special reflective 
materials for safety clothing or signage^ cat's eye markers in road sur&ces^ and 

measurement points in land survesing or robotic machin»y.. Retroreflective 

^ IS devices may also be used in comblnodon with opdcal modoUition mechamsms in . 
' • Older to establlA two-way opdcdl conmxunicadon betweei;) 11^ Syi^tion m-^ 
the remote location widiont oeedix^ en optical source at the remote eod of the 
link. 

Retroreflective devices cutre^dy in common use can be classified into 

20 two main types. 

The first of these accomplishes tetroreflection without any fi>cu5ing of the 
incoming radiation from the source. This type is commonly available as a 
component with a set of three mutualfy perpendicular reflecting sur&ces, and is 
known as a "^comer-cube" retroreflector. Different embodiments of this tjrpe of 

2S reflector gxxsl, but all require vary high quality in tixe reflecting surfaces, which 
also need to be very accurately assembled in ords to provide precise angular 
coincidence between die incident and reflected beams. Consequenfiy, sudi 
con^nents are expensive to m9ke, but Ifaey have Ite advantage of providing 
dififracdon liirdted pecfrnmanee wUch gives excellent quality to the reflected 

30 beam. Disadvantageously, howeiver, such devices exhibit a lim^^ 

winch varies with the construodon detafls^ but winch cannot allow oovaage of 
arlHtrazy angles of hicidence across a fUU hem^heore wtfhout grouping several 
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xefleciois togeiber, whc^e each idSector is poinisd m a different directiGxi. This 
increases the expense dud the conqpl^ty of constnxcdng such devices with high 
field of view. 

The second type of retiorefleetive device current^ in common use 
5 employs focosixig of the incidmt zadiasioti onto a priioaty reflectrng sur&ce. 
This type is Immn as ft **cat'5 eye^ te&oreflector^ and coa>moxdy employs glass 
spheres, or cementod hemispheres, in order to provide zcbotefleetton fbr paraxial 
incident lays. Such de^ees can be made vecy small (for example -with siih- 
milliroetre diameters) and ofGer a veiy ^vide fidd of view, including a comple&e 
10 hemis|d«e w moie in a single component Ftiilfaennore, ^ngle spheres can be 
manu&etured in quanti^ at knv cost The main dimdvaiitage of this design is 
that ihe lefiected radiation is su1)}ect to severe sphedcal abenation far non- 
paraxial rays, and fhis Cdn strongly reduce the Su-jSeld intensity of the reflected 
beam measured on^aKia, ft also leads to fflgnificam beam divergence^ makmg the 
^ '{^^ tefiection visible £ar fiom the axis, which can be undearable .4n some,... 

n r«,n ^si' ^*7<? aj^iicatiozis. jbr»ampleinfree-*spacecoii^ \ ^' . 

"'' ^ *^ A class of lenses, called •graded tefiactive index' (or ORJN) lenses^ is 
known. In which the material of the lens exhibits gradual vatiations in refractive 
index throu0:i its volume. An exexapU i$ the so-called ^GRIN*rod" lens, which 
20 is a graded-index lens witibi cylindiical symmetry and radial parabolic index 
distribution. See S. Memoto and J. Kida. ^Retrozeflecior osing gradient-mdex 
rods* AppL Opt 30C7). 1 Mar 1991, p.81S-822. 

In a publication endtled "Gradient hrdn Optics^ published by Academic 
Press in 1978, E.W. Maichand describes at pa^s 2 and 3 a lens, previotisly 
25 discovert by Luneburg, having an index iimctioD wiih spherical symmetiy 
about a point Mardiand describes die Lunehurg lens as difBcult to make (at 
least for xadlation in the visible j^e^on of the spectrum), and goes on to say that 
the lfins» even if it can be made, has limited possibilities for useful application, 
ihough he does suggest a posstbLe modification of the lens, incorporating a 
30 mimr to produce an action similar to thst of a comer cube. 

Sphere Iens» widi xefiaodve index disitibutioeAS possessing spherical 
^wmetiy are known as *ORIN«s|)herB^ lenses, lumAg a spherically symmetric 
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refractive index distribution in which tibye xefiiactive index varies gradually across 
a radial cross^ection. Such Ibises are kMwn to exhibit impioved spherical 
abecrdtxon conq>ai:^ to ^miform sphere len$es. See Y. Koike, A. Kanemitso, Y. 
Shioda« £. Nibei and Y. Ohtsidca, *5pbcdcal gradient-index polymer lens with 
S low spbmcal ahettation* Appt Opt. 33(1 7), 1 Jun 1994» p. 3394-3400. 

GRINHrod lenses have been proposed for use in reiroieflective devices, 
but diese Ien$es suffer fiom restrictions on field of view similar to O^ose 
exUbiled by oomer-cube letioxeflectois. Odter types of cat*s eye r^rordiector 
can be tmsed on catadipptrio lens designs, but these also share the 
10 aforementioned restrictions on field of view. 

Tb& present mvention aims to address at least one of the above-identifinl 
disadvantages assod^d with the cetrcoeflective devices cuxrently in common 
use. Pretoied embodiments of the invention aim to overcome^ or at least rednce, 
the ^herical abenetion experienced in cat^s eye retnMiflectoza based on 
15 * conVen^onal sphere lenses while retaining, at least in substantial measure* tfadjr ^ 
;s c^^i j^j^U^ ^ ^£ coroiwrBd to corn^-cube retroreflectors. • 

According to one aspect of the invention there is provided a 
retToreflecrive device comprising a substantially spherical graded ze&active index 
lens, a reflective i>axt for retroreflecting a radtatiott beam passing Aniough the 
20 ^aded vdBcactive index lens and» at least pardally surrounding ibs lens, a non> 
^seous tran^mrent material having a substantially unifom refiactive index. 

Ihe provision of a transparent materia) of substantially uniform refiactive 
index ontdde ihe lens provides tor increased ease of manufacture of the device 
when the reactive index of the refiractive material is subsiantiaUy greater than 
25 unity. The QRIN-qihere lens can thai have a refiactive index variation which 
need not be as large as woidd pfherwise be required. Further, use of ihe 
present invention» Ifaezefiaedve index at dae outer suil&ce of the lens need not be 
maiohed to tEiat of an nr inter&ce, which is pcacdcaUy hnposslble, paiticQlariy in 
the vidble and infirarnd z^ons of the spectnim. in whicih the present invention 
30 has particular appUcation. 

Itefetably, tise refiactive index distribution of tiie CRlN-spbens lens has a 
s{Aerical abenatiQn reducing effisct The invmion may be employed where the 
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focusing action of a loiTv-abeitation sfAiere in air is not strong enough to provide 
convex^nce of tiie incidoU beam to a point on tibc rear sorfice of the sphere 
itseii^ or if sufficiently low aberration for a particular appUeadon cannot be 
ac^evfid usix^ a GKIN-sgdaeiein air. 
5 In preferred embodiments, the transpaxent material suxirounds a 

sutbstaciial part of the lensu In a particularly prefened embodiment, the 
transparem material surrounds at feast appnndmalely one half of ^ len$, and 
mm preferably sinronnds aubscantially the enttre lens. 

Note lfaal» haein» the teim *^$pheiieal'' is intended to xefer to sux&ces 
10 iTriiich include bo£h whole S3d2er6s«aidpart<^p^^ 

The boundaxy of the transparent material remote &om the lens is, in some 
preferred ^bodimeaits of the inveniion, defined by a substantially si^firical 
sui&oe and in other pi efe ired embodiments the bounda^ is defined by a 
substantially planar sur&ce; although any configuration of the boundaiy can be 
15 used if selected ^ perforsstva particular optical purpose. , . . 

in bider ^t the^^dcmition may be clearly undex9tood and readily caxried 
into eSTect. some embodiment thereof will now be described, by way of example ^ • 

only* with reference to tibe accompanying drawings, of wAiich: 

Figure 1 shows a lecttm^ective device in accordance with a first 
20 embodiment of the invention; 

Figure 2 sho^ a retroreilecdve device in accordance vAUh a second 
embodiment cf the invention; 

Figure 3 shows a rttmreflective device in accordance with a third 
embodiment of the invention; and 
25 Figure 4 shows two exemplary rejBfiacdve indesc distributions in 

accordance wi& embodiments of the invention. 

Refernig now to Figures 1 to 3 of the drawings, preferred embodiments 
of retrcreflective devic« based on ORIN-qphere lenses are described, by way of 
example, but It wdll be qEqxreoiated by "diose skiUed in tiie art that other designs 
30 may reat£ly be devised to sidt particular ot^ectives. 

Figure 1 siiows a first embocfiment of a letroreflective device based on a 
GRIN-*sphere lens arranged in accordance with die invention. The upper 
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hemispliete of the medianical surface of the GRIN-sphere lens 2, shown as a 
solid circle 2^ is the sm&ce- through which an incident radiation beam B (which 
is assumed to be a parallel heam) passes hno the GRIN-sphere lens. 

In order to improve the Optical characteristics of the device, the GRIN- 

5 sphere Iez» 2 is clad in* or otherwise coated with, a transtmrent material 4 having 
a uniform refiactive index of a particular* desired value. The transparent material 
has a uniform thicJcn^s, and has an outer spherical surface which is arranged 
concentric wth the outer sur&cc of the GRIN-sphere leos 2. The upper surfiice 
of the transparent materiel fimns die entrance &ce of the device. Allhouigh not 

10 shown in Figure 1, the »tranoe &ce of the tcansparrat material 4 (and indeed the 
equivalem sur&ces dsown in oHist figures hereof) may be provided with an anti* 
reflective eoating, appHed in my conv^ent manner. 

A reflective coating 6 is ^^ed directly to the oiiter surface of the 
transparent material 4, on the. sadf» opposite the entrance face, to provide 

IS retroreflection of jOxe .iitc^«^. rax$.,^,^as shown. For optimum field of view, the 
T0£Lec£ive ooalisg 6 coyers^j^proj^i^^^Iy a hemisidi^ on the outer surface. 

The lens 2 may be made of suitaUe polymer materials, such as benzyl 
methaorylaie ot amilar materials^ or glass. The desked reactive index 
distribtttioD may be obtained by any known technique^ such as difiimon of 

20 suitable materials witUn die sfdherci, or photo^indceqiidon in photosendtive 
material usdng, for example^ uhrarviolet sovices. 

Tbetran^arent notarial 4 may. be made of a suitable plasdc, for example 
polymediyi metibacrylate, or glass. 

The jefiective ooatimg 6 may be metallic, fi>r example aluminium, to 

25 provide broad qpectml reflection, ox can itself be of midti-layer design to provide 
waveSeqgth sdective reflection. 

A second CTQbodimeni of tlie invention is shown in Figate 2. Here, 
conqxments dmilar to that shown in Figure 1 are given the same reference 
numerals, incremented by 100. The GRIN-sphere lens 102 is inmiecsed in, and 

30 may be at iMst partially ^n^ortod by, an eavkomnmt ccanprising a txan^aient 
solid material 104 of mnfimpiefiactive index, having a chosen relationship witib 
the re&active index at the QRIN-^pheresuifiice. Ibetran^arem material may be 
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sirppoited by a solid stnictoi^e 108, whidi laay for example have a lower surface 
formed, fyr example as a planar surface, so as td stably support the device ia a 
preferred orieixtatiod on a horizontal sur&ce. 

Altetiiadvely. depending for exan^le upon the use for which the device is 
S iitteiided and/or the treatment to which it may be subjected, the lens may be 
immersed in a transparent Hquid materia] 9nd supported by thin filaments (not 
shown) stretched fiom the snqyponing structure 108. 

The eaixance fiace 110 of the transparent material 104, fisnmns a 
boundary of die tnmsparenrt material remote fiom the lens 102, and through 

10 whidi aradiation beam passes to be retroreflected> is in this embodiment defin e d 
by a substatfdally planar sufEice. Such a form of entrance &ce is relatively easy 
to manufactures, and does not require precise aligmnent with respect to ihs GRIN-* 
sphoe lens 202. However, such a form of entrance face sujSto from angularly- 
dependwt retroreflecdvity and polarisadoneffects. 

15 Figure 3 ^ows a third emb^ii^enl^^pl invention, which reduces 

angularly-dependent retror^j9<^tiyity:.s^d>ppI^^ effects. conqiionents 
similar to those previously described have >tfae same reference numerals, 
inciCTienfedby 100. The transparent material 204 is^ given a hemlfiphencai oui^ 
shs^ The nsa^rializtay in this emhodiinent be protected by a transparent optical 

20 dome casing (not shown) inade of a rdaiivdy hard material, such as glass. This 
anangement reduces the variation of reflectiou perfotmance with Inddrace 
angle, compared to the embodiment dbown in Figure 2. The rays ^countering 
the GRSN^hsre can be made efifecdvely paraxial with respect to Che lens formed 
by the oucer sur&ce 210, prdnrided that die radius of curvature of the outer 

25 auf&ce is made sofiBdeatly large compared to die radius of die outer surfece of 
the ORIN-*qdioe lens 202. Due to the preferred relatively large ra^us of 
curvature of the outer sur&ce of the Iranspamt material 204 at the entrance ftce 
210, the reflective sur&ce of the reflective matericd 206 ba9 a smaller radius of 
curvarure than that of the entrance foce 210. 

30 Figure 4 shows two exexnplazy refiacdve index dislriburions of the GRIN- 

spbeie IcTis, wfaicb may be used in any of die fitrt to ildrd «nbodimesits of the 
invention. 



2&SUJG-2m3 17:31 FROM Intellectual IFVop JQ CD PftT OFFICE 



P. 37 



XAI807 7 

Tlie distzibutions are plotted across the entixe (normalised) radius of the 
GRIN-s|iiiere lexis» ranging fixxxnO to ]. Hie lefiactive indesc of the ORIN-sphere 
lens at each radial point is normalised vdth respect to &e refisciive index of the 
tran&pamt material. In the lower one of the two iOustrated distributions, the 

S fefracdve index canges ftom & mmimnm of qqanndmately 1.02 near the outer 
svK&ce of die GRIN^spheie lens to approxixzifllely 1.10 at the centre of the GRIN 
spiierB lens. In the iqiper one of the two iUustiaied distnbudons, ttie refiacdve 
ifidextaoeeafiPDm a minimum of apftt^^ litS near the outer sur&ce of £be 
GWN-tsj^tum letis to qypnndmately 1 . 1 4 at the centre of the GBCN sphere lens. 

10 Each of flhe two exemtpldfy xeftactive index distributions includes parts 

having at least two sqparate radial esctents within vAich the material of the 
ORIN-sphexc lens has a continuously varying lefiactive »adex» the te&active 
mdex variation having a gjadieni ffisoonthiuily between the two radial extents. 
The discontinuity is tfa« izkinimum shown near the^outer surface of the lens. 

IS Each of the two exemplary i:efiactiv&.4zsdex distributions provides a 

GRIN-sphere lens having '^nre&Bic^veS:s^^ is greater Aan a 

refiactive index at its outer :iiu&ce. F^xthor, it c^dzt be s^ that the transpacent 
material has a rcfiacdve index which is less than a leSBcdve index of GRIN- 
sphere lens at its outer surface. 

20 Preferably, the rado of the xcfiiacdve index of GRIN-sphere lens at its 

outer sur&ce to the lefiracdve index of the tian^atent material is between 1 and 
2, for estample between 1.02 and 1.2. Further pielembly* the ratio of the 
refractive index of GRIN-sphere lens at its centre to the refira^ve index of tibie 
transparent material is between 1 and 2, for example between 1.05 and 1.5. 

25 Typically, in embodiments of the invmtion, tfcie GRIN-^here lens has a 

refinctive index distribntion which av^^es» across a radial cross-section, 
between 1,4 and 1.8. and the transparent material has a le&active index sreater 
ftan l.3» 

The transjiarent material as desraibed in each of the above embodiments 
30 is preferably filmed, for exan^e as two intexfittnag halves^ by a moulding 
process. In fliis manner, the material <»i be accmately shaped to support the 
ORIN-sphm lens concentrically with lespecc to its hmer and outer spherical 
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sux£»ces. Alternative pcacedww may of cow^ 

oitearia, sodi as overall dimensions, peifozmpnce lequizexnetns and- cq>eradonal 

dedoands such as robustness. 

The above embodiments ate to be understood as iUusttstive examples of 
S die invention. Itis tobeundetSlOPddmany feature descrHjed inrel^ 

one embodiment may be itsed alone, or in combinatioii with other features 

described, and may also be used in coxnbiiuition with one or mcn'e features of any 

oOer of ^ embodiments, or any combiDatiojt of any other of Ae enabodiments. 

Furthennore, equivalents and modifications not desezibed above may also be 
10 ^nployed without depaitiqg fioixx the scope of the invention, whtcb is delEaied in 

die acoompaqying claitiaa. 

■V* • - .1 '.. 

^v-i.-". . «. ..• . .i4 



.-J • - 
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CLAIMS 

1. A reboxoflective device comprising a substantially spherical 
gESdedrefiaedve index lens, axdlective part for retroreSccting a radiation beam 

5 passing Huw^ tlie graded rafiaetive index lens and, ax least partially 
sunoitndixe the leQs» a non«gaseoiis txapospaient matedal having a substantially 
luufbnn v^ractive index. 

2. A device acconSng to claim U wherdn said giaded tefifacdve 
10 index lens has a gradually varying, ^haricaBy symmetries refiactive ind^ 

distribntioiL 

3. A device acconfing to claim 2, wherein $aid refractive index 
di^bntion includes parts having at least two separate xfidial extents within. 

15 which the material of the lens has a continuously varying irfractive Index, tfcc 
^ ' refractive index variation having a gradient discontinni^ bes:w)g^ said two r^din} 
extents. 

4. A device according to any preceding claim^ wherein said giaded 
20 refiactivQ index lens has a Yefiractive index at its cemce which is greater than a 

refractive index at its outer surbce. 

5. A device acconiing to any preceding claim» wfaeiein said 
tianq[>arcnt material has a refiactive index v^ch is leas than arefiactive index of 

25 said graded t^rawtive index lens at its outer sitf&ce. 

6. A device acoording to any precediiig daim, wherein a ratio of the 
refiactive hidex of said graded xeifiai^ve index lei^ at its outer surfhee to a 
refractive faxdesc of said tranqiaremnialeiial isb^weenl and2. 

30 
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7. A device accoxding to any preceding claim, wherBin a ratio of the 
refiactive index of said gxad^ refractive index lexis at its centre to a refiactive 
index of said traxupansnt material is bet^ 1 and 2. 



5 8. A device accozdxng to any preceding daiio* wherein said 

ttansparent xoateiial ^^tcrounds at least appnpdmately one half of the lens. 

9. A device according to any preceding claini, wherein at l^t part of 
said tran^>arent material is located between said graded refiactive index lens and 
10 the reflective part. 



10. A device accordix^ to any preceding claim, wherrin said reflectiive 
part ixicludes a substantially spherical reflective $ur&ce arradiged oonodotxically 
:<v * X wifh^^respect to said graded refiactive index lend- 

f J d 11. A device according to any preceding claim, wbemn a bqy^^jy ..of ? . 

the transparent material rexnote fiom $aid lens, and diroi^ which a gBdiation 
beam pa^es to be r^roreflected, 1$ defined by a substantially spherical 
transparent surface arranged concentrically wiA ttspGct to the graded refiactive 
20 index lenS. 

12. A device accQcding to claim 10 axid 11, v^iertin said BuV$tantialiy 
qiiheiical reflective sur&ce and substantiaily spherical transparent surfbce have 
substontially As ssme radius of eurvotoie. 

25 

13. A device accoidir^ to claim 10 and 11, 'c^dier^ said substantiaUy 
spherical reflective sur&ce and substantially sph^cal transparent surfoce have 
dififerem radii of ourvaturer 



30 14. A device aceording to claim 13» ^cseio said substantially 

spherical re£le<^ve sur&ce has a smaller radios of curvature than that of s^d 
substantially spherical tranqmROot sur&ceu 
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15. A device according to any of cluizis 1 to 10, ^^dierein a boUBda]7 
of the transparent material remote fiom said lens, andtbro\ig]h which a jadiation 
beam passes to be tettoreflected^ is defined by a substontiaUy planar sur&ce. 

5 

16. A device acxoidSng to any preceding ciaim, wherein said 
transparent material comprises a solid moulded component 

17. A device according to any preceding cl^m» wherein said 
10 transparent material has a refiactive index greater thui 13, 

18. A device accarding to any j^eceding claim, wherein said graded 
feS-acdve index lens Ins a refiactive index distribution which averages, across a 
radiel ccoss-scctioflL, between 1 ,4 and 1 -S. 

15 
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RETROREFLECn VE DEVICES AND SYSTEMS 

A retroTBflecdvB device eoaqtrising 3 sub$tanliaUy sph^cal graded 
lefiactive index lens, refmed to as A GRIN-spheie t«is» a reflective pm for 
retroreflecti]^ a ladiation beam passing through tite graded refractive index lens 
and, at least partially surrounding ttte lens, a tFan^jacioit material bucvixig a 
sabstastiaUy unifbixn refiactive index. 



10 
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